Abstract: Soil nitrogen transportation and transformation are important processes for crop growth and environmental protection, and they are influenced by various environmental factors and human interventions. This study aims to determine the effects of irrigation and soil salinity levels on nitrogen transportation and transformation using two types of experiments: column and incubation. The HYDRUS-1D model and an empirical model were used to simulate the nitrogen transportation and transformation processes. HYDRUS-1D performed well in the simulation of nitrogen transportation and transformation under irrigated conditions (R 2 as high as 0.944 and 0.763 for ammonium and nitrate-nitrogen simulations, respectively). In addition, the empirical model was able to attain accurate estimations for ammonium (R 2 = 0.512-0.977) and nitrate-nitrogen (R 2 = 0.410-0.679) without irrigation. The modelling results indicated that saline soil reduced the rate of urea hydrolysis to ammonium, promoted the longitudinal dispersity of nitrogen and enhanced the adsorption of ammonium-nitrogen. Furthermore, the effects of soil salinity on the nitrification rate were not obviously comparable to the effects of the amount of irrigation water. Without irrigation, the hydrolysis rate of urea to ammonium decreased exponentially with the soil salinity (R 2 = 0.787), although the nitrification coefficient varied with salinity. However, the denitrification coefficient increased linearly with salinity (R 2 = 0.499).
Introduction
According to the Land and Plant Nutrition Management statistics of the Food and Agriculture Organization of the United Nations (FAO), over 6% of the world's land (approximately 400 million ha) is affected by soil salinity [1] . In arid and semi-arid regions, intensive evaporation coupled with an insufficient amount of rainfall have caused saline soil conditions, which are becoming a primary factor underlying land degradation [2] . The Hetao Irrigation District is located in Inner Mongolia, China, and it is a region suffering from soil salinization, with approximately 70% of the cultivated lands affected [3, 4] .
Irrigation is the most readily available method of improving the soil conditions for crop growth. Since the 1980s, a flood-irrigation strategy has been developed in the Hetao Irrigation District for salt leaching to create a suitable environment for crops before sowing [5, 6] . In addition, fertilization, especially with nitrogen, has been shown to enhance crop production, and studies based on crop production and nitrogen application in China have indicated that the correlation between these two factors is extremely high [7] . The excessive and improper application of nitrogen fertilizer could lead to an increase in nitrate concentrations in water systems, and nitrogen is one of the most typical groundwater contaminants worldwide [8, 9] . Because of the potential effects of soil salinity, the nitrogen transformation ratio and uptake efficiency of annual crops might be reduced [10, 11] . Superfluous nitrogen fertilizer could also be leached out of the soil or into the groundwater under irrigation [12, 13] . Even under good water management practices, approximately 30% of applied nitrogen fertilizer may leach into groundwater [14] . Therefore, the nitrogen transformation ratio in saline soils must be determined for different irrigation conditions. Previous research has indicated that soil microorganisms are the controlling factor for soil nitrogen transformations. Silva et al [15] found a positive relationship between the amount of soil microorganisms and the rate of nitrogen mineralization and ammonium consumption. Similar study has also shown that the capacity for soil nitrogen transformation decreased with decreases in the amount of soil microorganisms [16] . In addition, soil moisture also has the potential to affect the type and amount of soil microorganisms. Kern et al [17] found that periodic alternations of wet and dry soil might promote soil nitrogen mineralization, whereas Borken et al [18] found that less mineral nitrogen accumulated in soil with alternating wet and dry conditions compared with in soil that has constant moisture.
In addition, limited studies have investigated the effects of salt on nitrogen transformations, and the prevailing scientific opinion suggests that saline soil can inhibit nitrogen transformations [19] . Pathak et al [20] indicated that nitrogen mineralization to soil salinity is associated with a threshold value. Moreover, when the electrical conductivity (EC) of a soil solution is less than 70 dS·m -1 , ammonium-nitrogen accumulates continuously with mineralization, whereas with increases of the EC of the soil solution, the accumulated ammonium-nitrogen decreased. However, other studies have indicated that the inhibition of nitrogen mineralization by soil salt is temporary [21] .
Therefore, the effects of soil salt on nitrogen transformation are still inconclusive, and further studies are required. In addition, only a small number of studies have considered the interaction effects of soil moisture and salt on nitrogen transformation because of the difficulties in measuring the nitrogen transformation ratio. Alternatively, mathematical modelling has the potential to provide insights into these processes. The HYDRUS-1D model, which was developed by the United States Department of Agriculture (USDA) Salinity Laboratory [22] , has been widely used to study the water movement and solute transport and transformation of soil under various conditions in many regions including in saline conditions. For example, Goncalves et al [23] used HYDRUS-1D model to analyse water flow and solute transport in lysimeters irrigated with waters of different quality; Forkutsa et al [24] applied HYDRUS-1D model to simulate and quantify improved management strategies and update irrigation standards for cotton growth. Ngoc et al [25] simulated the transformation of copper, lead, and zinc in a paddy soil by HYDRUS-1D. Thus, HYDRUS-1D has been proved to be a strong tool for investigating soil water and solute and the objectives of this study are to (1) evaluate the nitrogen transformation ratio under the interaction of irrigation and soil salt using the HYDRUS-1D model based on experimental data and (2) establish an empirical model to quantitatively describe the transformation of soil nitrogen in salt-affected soils.
Materials and methods

Soil samples
Soil samples were collected from a surface soil layer (approximately 0-60 cm) at the Yichang Experimental Station, Inner Mongolia, China (41°4'2.82''N, 107°59'57''E) and the Red Soil Engineering Research Centre, Jiang Xi, China (28°34'36.97''N, 115°56'16.43''E). All of the samples were thoroughly mixed and air-dried at room temperature.
The soil particle sizes were analysed using sieving and hydrometric methods, sodium hexametaphosphate (AR) was selected as a dispersant, and the soil texture was determined based on the particle size limits defined by the USDA. The organic matter in the sample was analysed by dichromate oxidation (Table 1) . 
Experimental design
Column experiment (Exp. 1)
Soil samples from the Yichang Experimental Station were used for the column experiment (Exp. 1). The variables in Exp. 1 included the irrigation water amount (W) and the initial soil salinity level (S), which were combined in the saturation optimum design ( Table 2 ). The designated initial soil moisture was 0.25 cm 3 ·cm -3 , and sodium chloride was used to adjust the S. The experimental devices were 6 cylindrical organic glass columns with an approximate inner diameter of 18.5 cm and a length of 100 cm. The columns were assembled with the prepared soil samples at 1.5 g·cm -3 dry bulk density. Each column contained a 60 cm long soil core that was divided into 12 layers for packing, and special treatment was used to make the surfaces of each layer rough to obtain good contact with the adjacent layers. In addition, an organic glass cap was placed at the end of each column, and it contained 12 cm of washed pea gravel covered in fiberglass cloth. For soil sampling during the experiment, four 2 cm diameter holes were excavated around each column in 10 cm intervals on the vertical profile. As shown in Table 2 ], and the soil EC was measured in a 1 : 5 soil : water suspension using an EC meter (DDSJ-318, Jingke, Shanghai, China) after 1 hour of end-over-end shaking at 25ºC. The saturated soil-water EC (EC e , dS·m -1 ) was then calculated by an empirical equation (EC e = 7.4EC 1:5 ) to determine the soil salinity levels [26] . The nitrate-nitrogen and ammonium-nitrogen concentrations were measured using an automatic nitrogen analyser (Cleverchem-200, Dechem-Tech, Germany).
Incubation experiment (Exp. 2).
Soil samples from the Red Soil Engineering Research Center were used for the incubation experiment (Exp. 2). The soil salinity levels (S) were of concern and combinations of 1 mol·dm -3 NaCl solutions and distilled water were used to adjust the samples to 6 different saline soils (EC e levels of 1. AR solutions were aliquoted into each soil ring and incubated for 10 days at 25ºC. The ammonium and nitrate-nitrogen concentrations in each salinity level were measured using the same methods as those used in Exp. 1 before incubation and 2, 4, 6, 8 and 10 days after incubation (repeated in triplicate for each salinity level). Additional details on Exp. 2 are included in Zeng et al [27] .
HYDRUS-1D simulation
HYDRUS-1D uses the Richards equation (Eq. (1)) to describe the soil water movement [28] ( 1) where θ represents the soil volumetric water content [cm 3 ·cm -3 ]; h represents the water pressure head [cm]; K represents the unsaturated hydraulic conductivity [cm·d -1 ]; and z represents the vertical axis (upward positive).
The soil water retention (θ(h)) and the hydraulic conductivity (K(h)) were described as follows:
where θ s and θ r represent the saturated and residual water contents [cm ] and n represent the empirical shape parameters; l represents a pore connectivity parameter and is assumed to be 0.5; and S e represents the effective saturation.
The convective-dispersive equation (Eq. (6)) was used to express the solute transport and transformation under transient water flow conditions in a partially saturated porous medium [28] (6) (7) where c represents the solute concentration in the liquid phase [mg·cm ]. In our study, we only considered the chain reaction from urea to ammonium and nitrate-nitrogen in the liquid phase. Therefore, only the first-order rate constants for the hydrolysis of urea to ammonium-nitrogen (µ w1 ) and ammonium to nitrate-nitrogen (nitrification, µ w2 ) and water and solute transport parameters were determined in following processes. For water movement, the upper and lower boundary conditions were the atmospheric boundary conditions with surface layer and free drainage, respectively. For solute transport, the upper and lower boundary conditions were the concentration flux and zero concentration gradient, respectively.
Based on 108 observations of the soil moisture and ammonium and nitrate-nitrogen concentrations, the PEST program was used to determine the parameters [29] . We first calibrated the soil hydrodynamics parameters (θ s , θ r , α, n, and K s ), and then both the solute transport and nitrogen transformation parameters were calibrated together (D, K d , and µ w ) for each column in Exp. 1.
Empirical model of nitrogen transformation
A first-order kinetics reaction equation (Eq. (8)) is typically used to approximate soil nitrogen transformation [30] : (8) In Eq. (8) , N indicates a form of nitrogen [mg] , with N 1 , N 2 , and N 3 used in this study to represent urea nitrogen, ammonium and nitrate-nitrogen, respectively; µ w is the first-order rate constant, and we used µ w1 , µ w2 , and µ w3 to represent the first-order rate
constants for urea hydrolysis to ammonium-nitrogen, nitrification from ammonium to nitrate-nitrogen and denitrification of nitrate-nitrogen in Exp. 2, respectively.
If the nitrogen concentration for a specific form for time = 0 (N 0 ) is known, then Eq. (8) can be converted to Eq. (9) . (9) In Eq. (9), N(t) indicates the nitrogen of a specific form at time = t, and according to Exp. 2, at time = 0, urea nitrogen, ammonium and nitrate-nitrogen are 9.33, 0.895, and 0.012 mg in each ring, respectively. Because Exp. 2 was conducted in a laboratory, we ignored the ammonia volatilization and established the empirical model of nitrogen transformation based on our assumptions ( Fig. 1 and Eq. (10) ). In Eq. (10), ∆N indicates the change of nitrogen at ∆t intervals and α is the empirical coefficient, which indicates the ratio of ammonium to nitrate-nitrogen (assumed as 1 in our study). 
Model evaluation
The root mean square error (RMSE, Eq. (11) 
Results
Nitrogen transport and transformation parameters in Exp. 1
Because nitrogen transport and transformation were coupled with water movement, the hydrodynamic parameters of the soil water were first determined. Among these parameters, θ s , θ r , α, n, and K s were 0.0715 cm . Table 3 shows all of the nitrogen transport and transformation parameters in Exp. 1. In principle, the longitudinal dispersity (D L ) should be the same for a specific soil material, whereas the molecular diffusion coefficient in free water (D w ) should be the same for a specific solute. However, potential differences among the 6 columns may have been caused by the soil packing process and the effects of soil salinity, we calibrated the nitrogen transport and transformation parameters for each treatment (T) in Exp. ). For ammonium and nitrate-nitrogen, the maximum values of the distribution coefficient (K d2 and K d3 , respectively) occurred in T 2 (S 4 W 1 ), and the K d2 value was significantly larger than the K d1 and K d3 values in all of the treatments. The first-order constants also varied according the irrigation rates and salinity levels, and the maximum µ w1 was achieved in T 2 (S 4 W 1 ), whereas the µ w2 in T 3 (S 1 W 4 ), T 4 (S 2 W 2 ), and T 6 (S 3 W 4 ) were the same and larger than in the other three treatments.
( ) DL -longitudinal dispersivity; Dw1, Dw2, Dw3 -molecular diffusion coefficients in free water for urea, ammonium, and nitrate-nitrogen, respectively; Kd1, Kd2, Kd3 -distribution coefficient for urea, ammonium, and nitrate-nitrogen, respectively; µw1 and µw2 -first-order rate constants for urea to ammonium-nitrogen and ammonium to nitrate-nitrogen, respectively The evaluation of the HYDRUS-1D simulation for nitrogen transport and transformation coupled with soil water and salt movement is shown in Figure 2 , which indicates that the model simulation for ammonium-nitrogen (NH 4 + -N) was more accurate than that for nitrate-nitrogen (NO 3 --N) in all treatments. The largest R 2 for ammonium-nitrogen was 0.944, whereas the largest R 2 for nitrate-nitrogen was only 0.763.
In addition, the lowest R 2 for nitrate-nitrogen was 0.228, whereas for ammonium-nitrogen, it was 0.461. In addition, the RMSE for ammonium-nitrogen was smaller than 0.002 mg·cm -3 and slightly larger for nitrate-nitrogen, although this value was no more than 0.004 mg·cm ]) were not highly correlated with the nitrogen transport and transformation parameters. The irrigation water amount had the largest R 2 with K d3 (K d3 = -0.0169W + 0.4901, R 2 = 0.6), but for the other parameters, the R 2 values for the irrigation amount were all smaller than 0.3. However, the R 2 values between the initial salinity level and all of the nitrogen parameters were smaller than 0.4 for µ w1 and µ w2 , the R 2 between the irrigation water amount and the nitrogen parameters were only 0.27 and 0.31 for µ w1 and µ w2 , respectively, whereas the R 2 between the initial salinity level and the nitrogen parameters were 0.31 and 0.28 for µ w1 and µ w2 , respectively (Table 4) . In addition, the effects of W and S on µ w1 and µ w2 were considered, a multiple linear regression (MLR) was able to establish these relationships as follows: 
However, the F-test indicated that neither Eq. (13) nor Eq. (14) was significant at the 0.05 level (P = 0.228 and 0.223, respectively). This experiment reveals the difficulty of establishing reliable and accurate models that can reveal the effects of irrigation and salinity or their interactions on nitrogen transformations under irrigation conditions.
Nitrogen transformation parameters in Exp. 2
The empirical model evaluations for nitrogen transformation in Exp. 2 are shown in Figures 3 and 4 . For ammonium-nitrogen, when the EC e value was smaller than 9 dS·m -1 , which is considered the threshold for slightly saline soils, the R 2 value between the simulated and measured ammonium-nitrogen concentrations were larger than 0.9 and the RMSEs were smaller than 0.103 mg. In moderately saline soils (EC e = 13.52 and 16.87 dS·m -1 ), the accuracy was reduced, and the R 2 values were 0.793 and 0.684, respectively, whereas the RMSE values were 0.119 and 0.148 mg, respectively; however, when the salinity level was high (EC e = 20.94 dS·m -1 ), the simulation accuracy was further reduced, and the R 2 and RMSE values were 0.512 and 0.165 mg, respectively. For nitrate-nitrogen, the simulation accuracy of the empirical model was lower than that for ammonium-nitrogen for all soil salinity levels. However, except for the first treatment with a salinity level of 1.02 dS·m -1 , the R 2 of the simulated and measured nitrate-nitrogen for all other salinity levels was larger than 0.45 and the RMSE for all salinity levels was smaller than 0.002 mg, which indicates that the empirical model is capable of producing a relatively precise estimation of the nitrogen transformation in Exp. 2. The first-order rate constants for urea nitrogen (µ w1 ), ammonium (µ w2 ) and nitrate-nitrogen (µ w3 ) varied with the soil salinity levels and are shown in Figure 5 . We found that µ w1 and µ w2 presented decreasing trends with the soil salinity level and µ w3 presented an increasing trend. Furthermore, the maximum µ w1 , µ w2 , and µ w3 were achieved at 1.02, 13.52, and 20.94 dS·m -1 , respectively. Therefore, we assumed that non-saline soils were suitable for urea transformations to ammonium-nitrogen, a moderate salinity level might promote nitrification, and high salinity might increase denitrification. In addition, the exponential function can accurately represent the first-order rate constants for µ w1 , whereas µ w2 and µ w3 fluctuated with soil salinity, and it was difficult to obtain reliable functions for these parameters.
Discussion
Under irrigated conditions, nitrogen transport and transformation occur simultaneously. Therefore, it is difficult to directly measure the nitrogen transformation rate experimentally. HYDRUS-1D is a useful tool that can indirectly obtain the nitrogen transformation rate through calibrations based on experimental data. Li et al [31] applied the HYDRUS-1D model to evaluate the nitrogen balance in an experimental direct-seeded rice field in the Taihu Lake Basin of east China. Tan et al [32] also used the HYDRUS-1D model to analyse the water and nitrogen dynamics of lowland paddy fields under alternating wet and dry irrigation in the Tuanlin experimental paddy fields of Hubei, China. In our study, the µ w1 value in Exp. 1 ranged from 0.0024 to 0.1992 day -1 , which was reduced from 99.63% to 73.08% compared with that of the studies of Li et al [31] and Tan et al [32] , respectively. The µ w1 value in Tan et al [32] ranged from 0.65 to 0.7 day -1 and the value in Li et al [31] was even larger at 0.74 day -1 , and these phenomena may have been caused by soil salinity because the study sites of Li et al [31] and Tan et al [32] are usually regarded as non-saline soils. Therefore, soil salinity has been shown to reduce the µ w1 value under irrigation. Compared with µ w1 , the µ w2 value in our study ranged from 0.04 to 0.12 day -1 among the different soil salinity levels, and this result was similar to that of the studies by Li et al [31] and Tan et al [32] . Therefore, under irrigation, the effects of soil salinity on µ w2 could not be directly compared to the effects of irrigation water levels. Furthermore, the D L values in T 1 (S 1 W 1 ), T 4 (S 2 W 2 ), and T 6 (S 3 W 4 ) were approximately 15.06 cm, and this value is similar to that reported in the study of Mailhol et al [33] (15 cm). However, in treatments with high soil salinity (24.42 dS·m
), the D L was significantly reduced; therefore, we assumed that salinity might also decrease nitrogen dispersity, and this inhibition was more obvious when the EC e value was larger than 24.42 dS/m. In addition, the distribution coefficient for ammonium-nitrogen (K d2 ) was much larger than that for urea and nitrate-nitrogen (K d1 and K d3 , respectively), which indicated that ammonium-nitrogen was more easily adsorbed on the soil surface [34, 35] . Furthermore, the K d2 value in T 2 (S 4 W 1 ) and T 5 (S 4 W 3 ), which were high salinity treatments, was larger than that for the other treatments, which might imply that the high salinity level had a positive effect on the adsorption of ammonium. Although soil salinity reduced the µ w1 rate under irrigation in Exp. 1 compared with that of non-saline conditions, the µ w1 value in T 2 (S 4 W 1 ) and T 5 (S 4 W 3 ), which had the highest salinity levels, was larger than that for the other treatments. Eq. (14) also indicated that µ w1 showed an increasing trend with increasing salinity level. Therefore, we considered that although salinity could reduce µ w1 , an extremely high soil salinity level (> 24.42 dS·m -1 ) might increase µ w1 because of the increased ammonium-nitrogen adsorption with soil salinity, and similar results were obtained in the studies of Noe et al [36] and Gao et al [37] .
Without irrigation (Exp. 2), although soil moisture changed with time because of evaporation, salinity could be considered the primary factor affecting nitrogen transformation because similar moisture conditions occurred in each treatment during the experiment period. Our results indicate that soil salinity inhibited the µ w1 rate, and this result was similar to that of the studies by Rysgaard et al [38] , Tripathi et al [39] , and Wong et al [40] . In addition, the relationship between k 1 and soil salinity levels (EC e ) could be expressed by an exponential model (µ w1 = 0.089e -ECe/59.101 -0.039). However, in the study by Chen and Twilley [41] , inconsistent results were obtained when the salinity was increased in mangrove soil. Moreover, in Exp. 1, soil salinity levels higher than 24 . Therefore, a higher soil salinity level should be applied in future research. In Exp. 2, salinity did not have an obvious effect on µ w2 , which is similar to that of Exp. 1, and this may be explained by the relatively short experimental periods. Specifically, Exp. 1 and Exp. 2 occurred for 280 hours and 10 days, respectively. Nkrumah et al. [42] noted that urea required a significant amount of time to transform into nitrogen, especially in irrigation conditions. In addition, both Gao et al [37] and Khoi et al [21] observed that the adverse effects of salinity on nitrogen mineralization were short-lived, whereas the rate of nitrogen mineralization recovered in later periods. Thus, a long incubation time is necessary in future studies to confirm this aspect. In addition, µ w3 was enhanced by salinity in our experiment, and this result was similar to that of the studies by Hall et al [43] and Yoshie et al [44] .
However, bias was still observed in our study in the nitrogen simulations by the HYDRUS-1D and empirical models. To eliminate the effects of hydrodynamic parameters on nitrogen transport and transformation, we assumed that all of these hydrodynamic parameters were the same in the 6 columns in Exp. 1. Nevertheless, it is difficult to force all of the columns to be identical in the experimental preparation, especially in the soil packing process, and HYDRUS-1D could not reflect this error. In addition, because of limitations in the experimental measurements, both the HYDRUS-1D and empirical models could not consider all of the nitrogen transformation processes; for example, we ignored ammonia volatilization, ammonium-nitrification to nitrite-nitrogen, etc. Additionally, we only used NaCl to adjust the soil salinity, although different ions may have different effects on nitrogen transformation, even at the same salinity level [36, 45] . Therefore, including the entire nitrogen cycle and different ions should be considered in future studies.
Conclusions
In conclusion, HYDRUS-1D can provide an acceptable simulation for nitrogen transport and transformation under irrigation conditions. Specifically, the simulation accuracy for ammonium-nitrogen is better than that for nitrate-nitrogen. Based on Exp. 1, saline soil was shown to reduce the hydrolysis rate of urea to ammonium, but it might promote the longitudinal dispersivity of nitrogen and the distribution coefficient of ammonium-nitrogen. However, because of the observed increase in the distribution coefficient for ammonium-nitrogen, an extremely high soil salinity level (> 24.42 dS·m -1 ) might also increase the hydrolysis rate of urea to ammonium. In addition, the effects of soil salinity on the nitrification rate could not be directly compared to the effects of the amount of irrigation water. Without irrigation, soil salinity was the primary factor affecting nitrogen transformations, although soil moisture was also decreased by evaporation. Specifically, the hydrolysis rate of urea to ammonium in Exp. 2 exponentially decreased with soil salinity. Furthermore, the denitrification coefficient linearly increased with soil salinity. Similar to Exp. 1, the nitrification coefficient in Exp. 2 also fluctuates with soil salinity. Long-term incubation with and without irrigation under different salinity levels in both laboratory and field conditions and using different soil salt ions (e.g., Ca 2+ , SO 4 2-) should be investigated in future research.
